Silica-titania monoliths with micrometer-scale macroporous and nanometer-scale mesoporous structure and high titania contents are prepared by sol-gel process and phase separation. Titanium alkoxide precursor was not effective in the preparation of high titania content composites because of strong decrease in phase separation tendency. Bimodal porous gels with high titania content were obtained by using inorganic salt precursors such as titanium sulfate and titanium chloride. Various characterization techniques, including SEM, XRD, Hg porosimetry and N 2 adsorption have been carried out to investigate the formation process and physical-chemical properties of silica-titania monoliths. The characterization results show that the silica-titania monoliths possess a bimodal porous structure with well-dispersed titania inside silica network. The addition of titania in silica improves the thermal stability of both macroporous and mesoporous structures.
Introduction
Silica -titania binary oxides have been studied and employed extensively as the carriers and catalysts for many years including silica-supported titania and titanium-substituted mesoporous silica materials [1, 2] . Recently, much attention has been drawn to the preparation of porous silica-titania materials that have a higher percentage of the titania in a uniformly dispersed state, since such materials have some advantages compared to pure titanium oxide [3] [4] [5] . Takahashi et al. have described the preparation of macroporous silica-based mixed oxides by phase separation and their application, and have shown the improved properties by adding second component in silica network [6, 7] . On the other hand, Nakanishi et al. have reported that the gels with well-defined micrometer range interconnected macroporous morphology are prepared in silica, titania and silica-titania systems by phase separation [8] [9] [10] . The materials prepared by phase separation in the system containing organic polymers have enough strength for many applications and considered to be suitable for practical use, because macropores enhance transportation of molecules. In addition, the phase separation method enables one to control the gel morphology in a broad range of length scales [11] . Zhu et al. prepared ordered mixed silica and titania mesostructured monoliths by using a liquid crystalline templating approach in combination with sol-gel processing, in which the nanocrystalline titania was well dispersed inside the silicate framework [12] . They indicate that this material could be an excellent support for gold catalysts. These results suggest that the preparation of silica-titania materials with highly dispersed TiO 2 could also be achieved by extending the sol-gel process. In this study, the synthesis of silica-titania monoliths with macro-mesoporous structure was carried out using titanium alkoxides and salts by complexation method, in which the titania is well dispersed inside the silica network.
Experimental

Materials.
Tetraethoxysilane (TEOS), purchased from Shin-Etsu Chemical Co., and titanium (IV) isopropoxide (TIP) (Ti(O i Pr) 4 ), titanium tetrabutoxide (TBOT) (Ti(O n Bu) 4 ), titanium tetrachloride (TiCl 4 ), 30% titanium sulphate (Ti(SO 4 ) 2 ) (Wako Pure Chemicals Ind., Ltd.) were used as SiO 2 and TiO 2 sources, respectively. Acetylacetone (Acac) (Wako Pure Chemicals Ind., Ltd.) was used as a chemical modifier to inhibit reactivity of TIP. Polyethylene glycol (PEG) with an average molecular weight of 20 000 (Wako Pure Chemicals Ind., Ltd.) was used as a polymer component to induce phase separation. 60 wt% aqueous solution of nitric acid (HNO 3 ) and 35 wt% aqueous solution of hydrochloric acid (HCl) (Wako Pure Chemicals Ind., Ltd.) were used as a catalyst for hydrolysis and polycondensation. All chemicals were used as received without further purification.
Silica-titania monolith synthesis.
Sample gels were prepared by the following procedures: An appropriate amount of PEG was dissolved in acidic aqueous solution and the solution was held in an ice bath. HNO 3 was used in the system with Ti alkoxides, while HCl added to TiCl 4 and no more acid was used in the Ti(SO 4 ) 2 solution. Then, TEOS and Ti precursor were mixed and after stirring for several minutes, slightly yellowish transparent solution was obtained. The titania content defined as the fraction in the total metal oxides was varied from 7.5 to 18.2 wt%. Finally, the aqueous solution of PEG was mixed with the inorganic precursor's mixture under stirring in an ice bath. The obtained homogeneous solution was poured into a test tube, then tightly sealed, and kept at 30 °C (for Ti alkoxides) and 50 °C (for Ti salts) for 1 day for gelation. The gelled sample was aged at 50 °C for another 1 day and then dried at 50 °C until no shrinkage was observed.
Characterization.
X-ray diffraction (XRD) patterns were recorded on X-ray diffractometer (XRD7000, Shimadzu) with Cu Kα radiation (40 kV, 30 mA, λ = 0.15408 nm). The measurements were made on the powder specimens prepared by grinding monolithic gels. The morphologies of dried gels were examined by a scanning electron microscope (SEM; SM200, Topcom Co., Japan). Nitrogen adsorption-desorption isotherms for samples were measured at -196 °C using automated volumetric gas adsorption apparatus (AUTOSORB-1, Quantachrome). Pore size distributions were calculated from desorption branches of nitrogen isotherms using the Barrett-Joyner-Halenda (BJH) method.
Pore size distribution in micrometer scale was evaluated with mercury porosimetry (POREMASTER 33P, Quantachrome) after calcined at 600 °C for 2 h. Each sample was degassed at 300 °C for 1h under vacuum prior to the measurement.
Results and Discussion
In the preparation of silica-titania by sol-gel route, controlled hydrolysis is required for obtaining homogeneous gels because reaction rates of hydrolysis and condensation of titanium alkoxides are much higher than those of silicon alkoxides due to lower electronegativity of the titanium atom and its tendency to exhibit multiple coordination states [13] . A more effective strategy is to introduce a chelating ligand, which can increase the coordination of the metallic center and decrease the reactivity of the precursor molecules. In the literature, acetylacetone was the most used modifier in the titaniasilica synthesis, which could stabilize the titania colloidals over a wide pH range from 1 to 10 [13, 14] . In this study, the aqueous solution containing PEG was directly added to the mixture of silicon alkoxide and titanium precursor under stirring in an ice bath to avoid abrupt heating up due to the exothermic reaction. This method possesses two advantages. First, because no co-solvent such as alcohol is required in the starting solution, the degree of freedom for selecting the composition of the reacting solution increases. Second, the process can be simplified. By mixing the TEOS and Ti precursors, slightly yellowish solution was observed. This solution was possibly formed by formation of connecting ethoxide bridges between Ti atoms. Under strongly acidic conditions a part of added Ti precursor is expected to be chemically incorporated in the silicate gel network by forming Si -O -Ti bonds and the rest of amount will be stable dispersed as colloidal particles [10] . Here, the Ti-OEt group is expected to be produced by the exchange reaction of alkoxide groups between TEOS and TIP, TBOT. By adding the aqueous solution, however, the mixture became a clear sol immediately. Figures 1 and 2 show the morphology of dried gels prepared with different kind of Ti precursors in the starting composition. In all the systems with different Ti precursors, the addition of PEG induced phase separation, and the interconnected macroporous morphology was formed when the transitional structure of phase separation was frozen-in by sol-gel transition of inorganic components. However, it can be seen large differences in phase separation tendency and dispersion of titania in silica network depending on the Ti precursors used. Here, it should be noted that the interconnected structure was observed for the titanium alkoxide system at 30 °C with titania content 7.5 wt% (figure 1a, c) and 11.2 wt% ( figure 1 b, d ) and no phase separations were observed at 50 °C. When TiCl 4 and Ti(SO 4 ) 2 was used as a titanium precursor, the macroporous morphologies were obtained at 50 °C. The content of titania was 7.5 wt% (figure 2 a, c), 14.7 wt% (figure 2 b) and 18.2 wt% (figure 2 d). When titanium alkoxides were added into pure silica sol-gel system, phase separation tendency largely decreased, so that low temperature reaction was necessary for macropore formation. When titanium salts were used, on the other hand, phase separation tendency does not change much from pure silica system. X-ray diffraction results for the silica-titania system prepared by using of titanium alkoxides showed that it can be obtain a homogeneous mixture with up to 11.2 wt% Ti, but phase separation tendency is strongly decreased. Using Acac with Ti(O i Pr) 4 system lead to substitute of fraction of the alkoxide groups by acetylacetone, giving organically modified precursor having lower reactivity. And titania can be dispersed well inside of silica network up to 11.2 wt% Ti (figure 3a). Without adding chelating agent and by increasing of titanium alkoxide (TBOT) to silica sol, titania tend to form aggregates in the gel, and formation of anatase during calcination is enhanced (figure 3b). In case of TiCl 4 3c, d). Future increasing of Ti precursor concentration becomes formation of porous monolith with rutile crystallites, which probably would be crystallized during mixing. The appearance of only one very broad band (from 15° to 30°) in the wide angle 2θ region implies the amorphous characteristic of these materials. It should be noted that the 18.2 wt% TiO 2 in silica-titania sample calcined at 900 °C still remain amorphous (figure 3 d) , and no detectable characteristic peaks assigned to crystalline TiO 2 (e.g., anatase or rutile phase) can be observed. These results suggest that Ti species should be highly dispersed in these silica-titania materials, and it is also strongly resistant to high-temperature sintering, even for the sample with high Ti contents. Figure 4 shows the pore size distribution measured by mercure porosimetry for the samples with different Ti precursors. All the samples with 7.5 wt% TiO 2 exhibit sharp distribution in macropores in micrometer-range. The macropore size measured with Hg porosimetry well corresponds to that estimated from SEM photographs ( figure 1a, c and figure 2a, c) . It is clear that gels with similar macropore size and morphology can be obtained at various titania contents by selecting appropriate solution compositions. "ink bottle" -type mesopores expected to occur from the compaction of a globular or particulate gel structure [15] . The silica-titania monoliths calcined at 600 °C show uniform pore size distributions in a narrow range of 3.5 -4 nm (figure 5b). In the system with PEG, micropores tend to be formed because of the interaction between silica surface and PEG. When the polymer is oxidatively removed on heating, abrupt Si-O-Si bond formation takes place, which produces inhomogeniety aggregates in the gel. Although a substantial volume occupied by polymer is collapsed, the inhomogeneous portion remains as pores [16] . And the addition of titania possible has a effect on the micro-and mesopore formation process. The origin of the change in the pore structures in nanometer scale by the addition of Ti is not clear, but probably change in the interaction between silica surface and PEG by the inductive effect of Ti incorporation would play an important role.
Conclusion
Silica-titania gels with bicontinuous macropores and different containing of titania were prepared from various titanium precursors. Titanium salts had small effect on phase separation tendency and gave silica-titania with high Ti dispersion. Titanium alkoxides also gave silica-titania with high Ti dispersion when Acac was used as chelate ligand of Ti but largely decreased phase separation tendency. The silica-titania also has mesopores in the gel skeletons and exhibit typical hierarchically arranged bimodal porous structure.
